Anacardic acid C 15:3 and cardol C 15:3 sigmoidally suppressed superoxide anion (O 2 -) generation using xanthine oxidase. To study this suppression activity, anacardic acids, cardanols and cardols having different numbers of double bonds in alk(en)yl chains were prepared. The O 2 -scavenging activity and H 2 O 2 formation from O 2 -using PMS-NADH were examined. Anacardic acids and cardols indicated sigmoidal O 2 -scavenging activity but cardanols did not. The O 2 -scavenging activity of anacardic acid C 15:3 was weaker than the suppression activity using xanthine oxidase, but the scavenging activity of cardol C 15:3 was quite similar to the suppression using xanthine oxidase. The H 2 O 2 formation from O 2 -decreased by the addition of anacardic acids, cardanols and cardols but increased by the addition of gallic and caffeic acids. From these results, we deduced that the O 2 -suppression activity of xanthine oxidase reaction with cardols is the O 2 -scavenging activity and that anacardic acids and cardols are O 2 -scavengers having low prooxidant property.
Introduction
It is well known that superoxide anion (O 2 -) is the one-electron reduction products of O 2 , and is subsequently reduced to hydrogen peroxide (H 2 O 2 ), and then hydroxyl radical (HO·) is derived from H 2 O 2 and O 2 -. These reactive oxygen species (ROS) induce oxidative stress containing lipid peroxidation (Frong et al., 1973) , and it becomes major problems for health and food manufacturing. Antioxidants are useful for preventing these oxidative damages. To make clear the antioxidant property of alkyl phenols (Fig. 1) , flavonoids and the related compounds, we examined these compounds using xanthine oxidase and then O 2 -scavenging activity of PMS-NADH system (Masuoka and Kubo, 2004; Masuoka et al., 2006; Masuoka et al., 2012a; Masuoka et al., 2012b; Masuoka et al., 2015; Masuoka and Kubo, 2016) . When O 2 − scavenging activity of gallic acid (1), caffeic acid (3) and their esters, gallates (2a, 2b) and caffeates (4a, 4b) having different alkyl chain lengths, was examined by using PMS-NADH system, the scavenging activity changed from hyperbolic activity to sigmoidal one with increase of their alkyl chain lengths (Masuoka et al., 2006; Masuoka and Kubo, 2016) . These compounds have conjugated en-diol structures in them. As gallic acid
(1) and caffeic acid (3) indicate a strong hyperbolic activity, the hyperbolic scavenging was assigned to conjugated en-diol structures. The hyperbolic scavenging activity became low with increase of alkyl chain lengths. As the sigmoidal scavenging activity came up with increase of their alkyl chain lengths, we deduced that the sigmoidal activity is associated to long alkyl chains. We also indicated that cardols (5-alk[en]ylresorcinols) have no conjugated en-diol structure and have sigmoidal O 2 -suppression activity by using xanthine oxidase (Masuoka et al., 2015) . Though we considered that the suppression activity is due to a specific enzyme inhibition, it is still unclear about the relation between the suppression activity using xanthine oxidase and O 2 -scavenging activity using PMS-NADH. To make them clear, anacardic acids (6-alk[en]ylsalicylic acids) (6-9), cardanols (3-alk[en]ylphenols) (10-13) and cardols (14-16) were prepared.
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The O 2 -scavenging activity was examined using PMS-NADH system and compared with the suppression activity of O 2 -generated by xanthine oxidase obtained in previous studies (Masuoka et al., 2015 These compounds were prepared by using hydrogen in the presence of 10% Pd/C, and these products were purified by silica gel column and crystallization. Anacardic acid C 15:0 (6) (16.7 g, 84% yield) was obtained from the mixture of anacardic acids (20 g). Cardanol C 15:0 (3-pentadecylphenol) (10) (14.9 g, 75% yield) was obtained from the mixture of cardanols (20 g 
Preparation of sample solution
Phenol and alkyl phenol compounds were dissolved with dimethyl sulfoxide (DMSO). Each a 10 mM solution was prepared and examined.
2.3. Scavenging activity on DPPH radical (Blois, 1958) One mL of 100 mM acetate buffer (pH 5.5), 1.87 mL of ethanol and 0.1 mL of ethanolic solution of 3 mM DPPH were put into a test tube. Then, 0.03 mL of the sample solution was added to the tube and incubated at 25°C for 20 min. The absorbance at 517 nm (DPPH, ε = 8.32 × 10 3 ) was recorded. As control, 0.03 mL of DMSO was added to the tube. From decrease of the absorbance, scavenging activity was calculated and expressed as scavenged DPPH molecules per each sample molecule.
Scavenging activity for the O2-generated by the PMS-NADH system
Superoxide anion was generated nonenzymatically with a PMS-NADH system.
The reaction mixture (final volume was 3.0 mL) consisted of 2.82 ml of 40 mM sodium carbonate buffer containing 0.1 mM EDTA (pH 10.0), 0.03 mL of 0.5% bovine serum albumin, 0.03 mL of 2.5 mM nitroblue tetrazolium, 0.06 mL of sample solution and 0.03 mL of 7.8 mM NADH. The mixture was kept at 25 or 37°C and reaction was carried out. The reaction start by the addition of 0.03 mL of 155 μM PMS, and the absorbance at 560 nm was recorded for 60 sec (Nishikimi et al., 1972) . As the control, 0.06 mL of DMSO was used. The reaction rate was Article No~e00169
calculated from the proportional increase of absorbance, and scavenging activity of sample was expressed as the inhibition percentage.
Assay of hydrogen peroxide generated by PMS-NADH system
The reaction mixture consisted of 5.70 ml of 40 mM sodium carbonate buffer containing 0.1 mM EDTA (pH 10.0), 0.12 mL of sample solution, 0.06 mL of 5% albumin and 0.06 mL of 7.8 mM NADH was prepared. To the reaction mixture at 25°C, 0.06 mL of 155 μM PMS was added. After 0, 60 and 120 s, 1.5 mL of the reaction mixture was taken out and was immediately put into the test tube containing 1.5 mL of a reagent solution (64.5 μM meso-tetrakis(4-methyl-pyridyl)-porphinatoiron(III) pentachloride, 13.3 mM N,N-dimethylaniline, 2.76 mM 3-methyl-2-benzothiazolinone hydrazone, and 1.0 mM EDTA in 0.13 M hydrochloric acid) for stopping the reaction and determination of hydrogen peroxide (Masuoka et al., 1996) . The mixture was incubated at 25°C for 1 h, and then the absorbance at 590 nm was recorded. As the control, 0.03 mL of DMSO was used.
Assay of hydrogen peroxide scavenging activity
To 5.88 ml of 70 μM hydrogen peroxide in 40 mM sodium carbonate buffer containing 0.1 mM EDTA (pH 10.0), 0.12 mL of 10 mM sample solution was added. After 0, 2 and 4 min, a 1.5 ml of the reaction mixture was added to 1.5 mL of the reagent solution for determination of hydrogen peroxide. The mixture was incubated at 25°C for 1 h, and then the absorbance at 590 nm was recorded. As the control, 0.12 mL of DMSO was used. 
Assay and data analysis

DPPH scavenging activity of phenol and alkyl phenol compounds
The DPPH scavenging activity of anacardic acids (6-9), cardanols (10-13) and cardols (14-16) was examined, and the results indicated in Table 1 . Anacardic acids and cardanols showed no scavenging activity, and cardols indicated weak scavenging activity (less than 0.53 scavenged DPPH molecules/a molecule).
O 2 -scavenging activity of alkyl phenolic compounds
Anacardic acids (6-9) and cardols (14-16) sigmoidally scavenged superoxide anion at 25°C, but salicylic acid and cardanol (10-13) did not. In the scavenging activity of anacardic acids ( Fig. 2A ), IC 50 s of anacardic acid C 15:0 , C 15:1 , C 15:2 , and C 15:3 were 41 ± 3 (n = 9.4 ± 1.5), 72 ± 5 (n = 10.5 ± 2.2), 95 ± 3 (n = 5.0 ± 1.8) and 98 ± 2 μM (n = 6.7 ± 0.9), respectively. (Numbers in parentheses indicated slope factors.) The activity of anacardic acid C 15:0 is highest and then follows C 15:1 , C 15:2 and C 15:3 . However, the scavenging activity of cardols (Fig. 2B) was not affected by numbers of the double bonds in alk(en)yl chains. IC 50 s of cardol C 15:0 , C 15:2 , and C 15:3 were 117 ± 4 (n = 6.4 ± 1.5), 116 ± 8 (n = 8.1 ± 1.3) and 116 ± 10 μM (n = 8.7 ± 1.8), respectively. The strong activity of anacardic acids may be explained with hydrogen bond formation in the head portions . When O 2 -scavenging activity was measured at 37°C, IC 50 values of anacardic acids and cardols were not essentially affected (data not shown).
Hydrogen peroxide generated by PMS-NADH and H 2 O 2 scavenging activity
Hydrogen peroxide generation from O 2 -using PMS-NADH system became low by the addition of anacardic acids, cardanols and cardols. It may be explained that •Anacardic acid C 15:0 , ○Anacardic acid C 15:1 , ▼Anacardic acid C 15:2, ▽Anacardic acid C 15:3 , ▪salicylic acid at 25°C. (B) Cardols and cardanols.
•Cardanol C 15:0 , ○Cardanol C 15:1 , ▼Cardanol C 15:2 , ▽Cardanol C 15:3 , ▪Cardol C 15:0 , □Cardol C 15:2 , ♦Cardol C 15:3 .
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O 2 -were scavenged with these alk(en)yl phenols and turned to non radical compounds (Rodrigues et al., 2006) . However, H 2 O 2 formation is strongly increased by the addition of 200 μM gallic and caffeic acids (Table 2) . Even in the presence of 20 μM gallic acid, caffeic acid and ethyl gallate, H 2 O 2 generations from PMS-NADH were significantly increased to 120 ± 8, 133 ± 4 and 118 ± 2%, respectively. These results suggested that these compounds were further oxidized with O 2 -and generated H 2 O 2 as they were oxidized with DPPH radical (Kawabata et al., 2002 ).
In the addition of H 2 O 2 , anacardic acids cardanols and cardols hardly indicated the scavenging activity. Gallic acid and caffeic acid increased the H 2 O 2 concentration.
It suggested that alk(en)yl phenol compounds did not react with H 2 O 2 but phenol compounds slightly did.
Discussion
Anacardic acids, cardanols and cardols are natural products found in CNSL and cereal gains (Kamal-Eldin et al., 2000; Masuoka and Kubo, 2004) . Anacardic acids (6-9), cardanols (10-13) and cardols (14-16) were prepared from CNSL. These compounds showed low DPPH scavenging activity (Table 1) . O 2 -Scavenging activity of anacardic acids (6-9) and cardols (14-16) using PMS-NADH indicated a sigmoidal activity (Fig. 2) like as alkyl gallates and caffeates having long alkyl chains and that a conjugated en-diol structure is unnecessary for the sigmoidal O 2 -scavenging activity. Cardanol C 15:3 (10) and the hydrogenated derivatives (11-13) did not indicate this activity though these cardanols showed considerable antioxidant property for thermaloxidation (Rodrigues et al., 2006) .
As the sigmoidal activity is similar to that of anacardic acid C 13:3 and cardol C 13:3 using xanthine oxidase (Masuoka and Kubo, 2004; Masuoka et al., 2015) , the activity strength is compared. The O 2 -scavenging activity of anacardic acid C 15:3 (IC 50 value is 98 ± 2 μM) was lower than the O 2 -suppression activity (51 ± 2 μM) using xanthine oxidase since anacardic acid C 15:3 sigmoidally inhibited xanthine oxidase reaction (Masuoka, & Kubo, 2004) . As cardol C 15:3 did not inhibit xanthine oxidase, IC 50 value (116 ± 3 μM) of O 2 -scavenging by cardol C 15:3 using PMS-NADH system was compared to the value (115 ± 10 μM) of the O 2 -suppression using xanthine oxidase. There is no difference between them (p = 0.87), and we deduced that the O 2 -suppression activity of xanthine oxidase reaction with cardol C 15:3 is the O 2 -scavenging activity and that the O 2 -scavenging activity of antioxidants is determined using xanthine oxidase when antioxidants do not inhibit the enzyme and have no conjugated en-diol structure.
The sigmoidal scavenging activity may be explained as follows. Anacardic acids and cardols are amphiphilic molecules and make micelle formation over a critical micelle concentration (Stasiuk and Kozubek, 2008) . It is suggested that the concentrations of hydroxyl group or/and carboxyl group of head portion in the aqueous medium are sigmoidally increased. As hydrophilic groups in anacardic acids and cardols serve as hydrogen donation and scavenge O 2 - (Hladyszowski et al., 1998; Kamal-Eldin et al., 2000) , it is deduced that the scavenging activity becomes sigmoidal.
To examine other antioxidant property of these alk(en)yl phenols, H 2 O 2 generation from O 2 -generated with PMS-NADH and H 2 O 2 scavenging were examined. Anacardic acids, cardanols and cardols indicated low H 2 O 2 generation, and low H 2 O 2 scavenging activity (Table 2 ). It suggests that these alk(en)yl phenols suppress ROS generation from O 2 -but phenols do not. As it was also known that anacardic acids and cardols (unpublished data) worked as lipoxygenase inhibitors, it is suggested that the addition of anacardic acids or cardols is useful for preventing oxidative stress. Further study is currently progressing.
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